Evidence on the association between shift work and mortality is limited. We found significantly enhanced all-cause, cardiovascular and diabetes mortality among nurses with night and evening shifts. We present novel finding of an increase in mortality from Alzheimer's disease and dementia, and potentially psychological disorders among night, evening, and rotating shift workers.
It has been suggested that working outside normal work hours, especially at night, has negative health effects (1, 2) , but evidence of an effect of shift work on allcause mortality is inconsistent (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Several studies (4) (5) (6) 10) , including a recent meta-analysis (13) , have reported an increase in all-cause mortality among shift workers, but only a few have detected a statistically significant association (4, 6, 13) while others have found none (3, 9, 12, 14) or inverse an association (7) .
In 2007, an International Agency for Research on Cancer (IARC) working group classified shift work involving circadian disruption as "probably carcino-genic" to humans (group 2A) (15) . The majority of recent studies on the health effects of night shift work have focused on female breast cancer incidence (16) , and only a few have examined cancer mortality (5) (6) (7) . One study found significantly increased mortality from any cancer among female but not among male shift workers (5) . Few studies have examined shift work and cancer-specific mortality (6, 7, (17) (18) (19) . Gu et al (6) found an association with lung cancer mortality and working shifts ≥15 years among American female nurses after adjustment for potential confounders including tobacco smoking. Yong et al (7) , found no Shift work and mortality in the Danish nurse cohort increase in lung cancer mortality among male chemical shift workers. Carter et al (19) detected an association between rotating shift work and ovarian cancer mortality, whereas Lin et al (17, 18) found no association between shift work and either pancreatic or biliary tract cancer mortality.
Shift work has been linked to an increased incidence of coronary or ischemic heart disease (IHD) (20, 21) and diabetes (2, 22) , but there is limited evidence on mortality due to cardiovascular disease (CVD) (23) and diabetes (12) . To date, no studies have examined the effect of shift work on Alzheimer's disease, dementia or psychiatric diseases, despite the fact that poor sleep and sleep deprivation have been linked to increased risk of cognitive and neurodegenerative outcomes (24) (25) (26) . In this study, we examine the association between shift work and all-cause mortality and mortality due to CVD, cancer, diabetes, neurodegenerative and psychiatric diseases in the Danish nurse cohort (DNC).
Methods

Study population
The DNC study (27) was initiated in 1993, when 23 170 female members of the Danish Nurses Organization aged >44 years were invited to participate in this nationwide study inspired by the American Nurses' Health Study. A total of 19 898 (86%) responded positively. In 1999, the cohort was expanded, adding an additional 10 534 nurses aged 44 years, 8833 (84%) of whom agreed to participate. Cohort participation involved answering a comprehensive selfadministrated questionnaire on lifestyle, health, use of hormones and occupational characteristics, including working hours and the work environment. Using a unique personal identification number, we linked the DNC to the Danish Civil Registration System (28) in order to obtain information on cohort participants' vital status (death, emigration, disappearance, etc) during follow-up until 2013.
Shift work definition
Shift work data was self-reported by nurses who were in the workforce at the time of recruitment (excluding those who were retired, on sick leave, or unemployed) and nurses who answered the following question on shift work status: "Do you normally work in: a) day, b) evening, c) night, or d) rotating shifts?". Rotating shifts can be working either day (typically 07:00-15:00 hours) and evening (15:00-23:99 hours) or day, evening and night (23:00-07:00 hours).
Health outcomes
Information on the deceased cohort participants' causes of death was obtained from the Danish Register of Causes of Death (29) , which contains information on all deaths of Danish residents dying in Denmark. Causes of deaths are coded according to the World Health Organization's International Classification of Diseases (ICD) version-10 (after 1994) or ICD-8 (before 1994). All death certificates have underlying cause of death and up to four contributory causes of death, which are not mandatory. We examined all-cause mortality as all deaths occurring during follow-up, including 38 deaths registered in the Civil Registration System with missing cause of death data (no record in the Register of Causes of Deaths). We examined the following cause-specific causes of death using the underlying cause of death: total CVD (ICD-10: I00-99, ICD-8: 4010, 4100, 4129, 4279, 4339, 4369, 4412, 4500), IHD (ICD-10: I20-25, ICD-8: 4100, 4129), stroke (ICD-10: I60-69, ICD-8: 4339, 4369), other CVD (ICD-10: I00-09, I26-28, I30-50, I70-99, ICD-8: 4279, 4412, 4500), all-cancer (ICD-10: C00-97 & ICD- 8: 1578-79, 1538, 1740, 1621, 1830, 2022, 2041) , breast cancer (ICD-10: C50, ICD-8: 1740), lung cancer (ICD-10: C33-34, ICD-8: 1621), ovarian cancer ICD-10: C56, C570-574, ICD-8: 1830), pancreatic cancer (ICD-10: C25, ICD-8: 1578-1579), and colorectal cancer (ICD-10: C18-19, C20, C21, ICD-8: 1538). Additionally, we defined the following cause-specific mortality outcomes based on underlying or contributing cause of death: hypertension (ICD-10: I10-15, ICD-8: 4010); diabetes (ICD-10: E10-14), Alzheimer's and dementia, combined (ICD10: F00-01, F03, G30), psychiatric and behavioral diseases, combined (ICD-10: F01, F03-99, ICD-8: 2990, 3032, 3040, 5710, 9779).
Statistical analysis
Cox proportional hazard regression model with age as the underlying time scale, was used to analyze mortality (all-cause and cause-specific) as a function of shiftwork, in two different models: crude (age-adjusted as age is underlying time scale) and fully adjusted, additionally adjusted for (i) smoking (never/past/current); (ii) packyears [defined as 20 cigarettes/day per year, calculated from smoking intensity (number of cigarettes a day) and smoking duration (years)]; (iii) leisure-time physical activity [categorized in low/medium/high and based on the following question: "Which of the following statements describes you best? (a) Exercise heavily and do competitive sports regularly or several times a week; (b) Do sports/heavy gardening or similar ≥4 hours a week; (c) walk, bike or doing other light exercise ≥4 hours a week; (d) Reading, watching television or other sedentary activities"]; (iv) body mass index (BMI) [cal-Jørgensen et al ]. Analysis of breast and ovarian cancer mortality were additionally adjusted for number of births and age at first birth. Lastly, we examined whether BMI or a stressful work environment acted as a mediating factors in the association between shift work and all-cause mortality, by examining changes in risk estimates with and without adjustment for BMI and work stress in the fully adjusted model.
Results
Of the 28 731 participants in the DNC, 10 716 were excluded for the following reasons: (i) emigration prior to cohort baseline (N=4), (ii) retired, unemployed or on sick leave at the time of cohort recruitment (N=6721), (iii) missing information on shift work schedule (N=669), and (iv) missing information on ≥1 potentially confounding variable(s) (N=3322). The final analysis comprised 18 015 participants. Mean follow-up was 17.6 years, giving a total 316 644 person-years, during which 1616 nurses died, including 217 from CVD, 945 from cancer, 20 from diabetes, 33 from Alzheimer's or dementia, and 67 from psychiatric diseases. A majority of the nurses worked day shifts (62.6%), followed by rotating (22.0%), evening (10.0%) and permanent night (5.4%) shifts at the time of recruitment (table 1) . Night and evening shift work were more prevalent among nurses who died (9.3% and 14.6%) than among those who were alive (5.1% and 9.6%) at the end of follow-up. Nurses who died were older at the recruitment (mean age 54.2 years) than nurses who were alive at the end of follow-up (mean age 49.9 years). Furthermore, nurses who died smoked more, used HRT more frequently, and less oral contraceptives than nurses who remained alive at the end of follow-up.
Nurses working night shifts were more likely to be current smokers, overweight and obese, and HRT users, but less likely to be married than nurses working other shifts (table 2) . Nurses working rotating shifts were more similar to those working day shift than those working night shifts. Mean age [standard deviation (SD)] at baseline was 50.2 (4.7), 51.6 (5.5), 52.9 (5.6) and 49.2 (4.3) years for day, evening, night and rotating shift workers, respectively.
Compared to nurses working day shifts, we found a statistically significant increase in all-cause mortality among nurses working evening [hazard ratio (HR): 1.53, 95% confidence interval (95% CI) 1.33-1.77] and night (HR 1.74, 95% CI 1.48-2.07) shifts, and no increase in those working rotating shifts in the crude model. Estimates were attenuated, but remained statistically significant in the fully adjusted model for evening (HR1.29, 95% CI 1.11-1.49) and night (HR 1.26, 95% CI 1.05-1.51) shifts (table 3) . These estimates were only slightly enhanced when BMI and perceived stress at work were left out of the fully adjusted model (results are available in supplemental material table C, http://www.sjweh.fi/ index.php?page=data-repository). We found a statistically significant increase in CVD mortality among nurses working night shifts (HR 1.71, 95% CI 1.09-2.69) and a weaker, statistically non-significant increase among nurses working evening (HR 1.47, 95% CI 0.98-2.18) and rotating (HR 1.24, 95% CI 0.87-1.77) shifts in the fully adjusted model. We found no associations between cancer mortality and evening (HR 1.15, 0.95-1.40), night (HR 1.05, 95% CI 0.81-1.35), or rotating shift (HR 0.91, 95% CI 0.77-1.08) in the fully adjusted model. We found a strong positive, statistically significant association between night shift work (HR 12.0, 95% CI 3.17-45.2) and diabetes mortality and weaker associations with evening (HR 2.94, 95% CI 0.63-13.7) and rotating (HR 1.57, 95% CI 0.34-7.21) shifts. We found strong positive, statistically significant associations between mortality from Alzheimer's or dementia among nurses working evening (HR 4.28, 95% CI 1.62-11.3) and rotating (HR 5.39, 95% CI 2. 35-12. 3) shifts in the fully adjusted model. There was no evidence of association between working night shifts and Alzheimer's or dementia (HR 0.70, 95% CI 0.09-5.72), but this analysis was based only on a single case. Finally, we found no evidence of an increased risk in mortality from psychiatric diseases.
We found no significant associations between shift work and mortality due to any of the cancer subtypes Jørgensen et al 
Discussion
We found that, compared to female nurses working day shifts, nurses working night or evening shifts had statisti-cally significantly elevated all-cause mortality. We found a significant increase in mortality due to CVD and diabetes with night shift work. We also observed a significantly increased risk of Alzheimer's and dementia with rotating and evening shifts. There was no evidence in our study of an increased risk of overall or cause-specific cancer mortality with evening, night or rotating shift work. Our results confirm the previous findings of Nätti et al (5) and Gu et al of an association between night shift work and all-cause mortality (6) . We report a 26% increased risk for all-cause mortality among night shift compared to day shift workers, which is somewhat greater than the 11% increase in all-cause mortality reported by Gu et al among nurses who worked night shifts for ≥5 years, compared to all other schedules (6) . Nätti et al reported a 125% increase in all-cause mortality among females with weekly night work as compared to those with day work (5) . Notably, Nätti et al found no association with all- (10) . Gender variation in susceptibility to night work may also explain why our results conflict with studies based on male participants (3, 4, 7, 8, 12) . Work schedule is dependent on age, and it has previously been documented that nurses in younger age groups are more likely to work in rotating shifts, whereas nurses >40 years more often work in day or evening shifts (30) . However, 90% of nurses working in Denmark have worked night shifts at some point, typically early in their career after completing their training. We found a similar increase in all-cause mortality for night (26%) and evening (29%) shift workers. This might be explained by the fact that a large number of nurses who worked evening shifts at the time of cohort recruitment have worked night shifts earlier in their career. Another possible explanation for the increased mortality among evening workers might be that this work schedule is associated with an increase in social stress and more work-family related conflicts. Furthermore, other unmeasured potentially confounding variables such as weekly working hours could explain these findings.
The lack of association between rotating shift work and all-cause mortality is possibly explained by the fact that rotating shift work involves day, evening and night shifts or only day and evening shifts and few night shifts in a sequence, probably resulting in minor circadian disturbance. A Danish report on occupational health among nurses from the Danish Nurses Organization, reveals that 43% of nurses aged 20-29 years work rotating 3-shifts, while this attenuates to 20% among nurses aged 40-49 years and 12% among those aged 50-59 years, indicating that 3-shift rotating work is more prevalent early in the career, and thus making it less prevalent in our cohort (30) . Alternatively, the lack of association between rotating shifts and all-cause mortality might be explained if a high proportion of previous rotating shift workers changed to day shifts positions. This could result in increased mortality rate among day workers and an underestimation of the impact of shift work (30) .
The IARC has classified shift work that involves circadian disruption as "probably carcinogenic to humans" (group 2A) due to increased risk of breast cancer incidence among women (31) . We found no association between shift work and all-cancer mortality, in agreement with Gu et al (6) , and in contrast to Nätti et al (5) . Furthermore, no evidence of an increase in mortality related to shift work was found for any specific cancers including cancer of the breast, which is in agreement with some of the previous studies (6, 7, 17) . However our findings are in conflict with increased mortality due to ovarian cancer reported by Carter et al (19) and increased mortality due to lung cancer (≥15 years of rotating night shift work) and breast cancer reported by Gu et al (6) . Gu et al. found an association with breast cancer mortality only among those working night shifts ≥30 years (HR 1.47, 95% CI 0.94-2.32), and none with more recent exposures, suggesting the relevance of early exposure for the development for breast cancer (6) . This in line with Menegaux et al (32) who found the strongest risk of developing breast cancer among women who worked night shifts for >4 years before their first full-term pregnancy, a period where mammary glands are not completely differentiated and possibly more susceptible to circadian disruption effects. Thus lack of effects of shift work on breast cancer mortality in our study may be due, at least in part, to lack of information on shift work duration and shift work schedules, before the first childbirth.
We found a 71% increase in CVD mortality among nurses working night shifts, which was considerably higher than the 19% and 23% detected in American nurses with ≥5 and ≥15 years of night shift work, respectively (6) . We furthermore found the highest increased rate (130%) related to night shift work for IHD mortality, which is consistent with some studies (6, 33, 34) , Shift work and mortality in the Danish nurse cohort however is inconsistent with others (8, 35, 36) . Inconsistencies are likely explained by differences in study populations in terms of the gender and age of included subjects. Knutsson et al's case-control study of MI incidence detected associations with both male and female shift workers, but found substantially higher risk [odds ratio (OR) 3.0, 95% CI 1.4-6.5] among females aged 45-55 years than males of the same age (OR 1.6, 95% C 1.1-2.4) (37) . Since the majority (~80%) of participants included were 44-55 years of age at the time of recruitment, a large proportion of the shift-working nurses in our study might, based on the results of Knutsson et al, be at particularly high risk of developing MI due to shift work, possibly explaining strong effects observed in our study and the lack of association between shift work and IHD mortality in most studies based on male participants (8, 35, 36) . We also found statistically nonsignificant associations between night shift work and risk of dying from hypertension and stroke and increased risk of dying from other CVD among evening shift workers. These findings agree with Vyas et al's recent meta-analysis that has linked shift work to increases in the incidence of various vascular events including, MI (23%), ischemic stroke (5%) and coronary events (24%) (20) . Disruption of circadian rhythms is thought to be the plausible mechanisms linking shift work with CVD through multifactorial pathways (38, 39) , involving weight gain, physical inactivity, development of type II diabetes, and other pathways (38) . The highest rate ratio associated with night shift work in this study was observed for diabetes mortality, however, the results are based on a limited number of diabetes deaths (N=8) and therefore somewhat unstable. Our results are considerably stronger than the effect in the Karlsson et al (12) study of Swedish male workers from the pulp and paper industry (HR 1.24, 95% CI 0.91-1.70). Karlsson et al included males enrolled at age 10 in 1952 and used shift work as a dichotomized exposure (all shift versus day worker), but, on the other hand, included data on duration of shift work and found strong indication of a positive dose-response relationship with diabetes mortality. We have recently reported a strong significant association between night shift work and diabetes incidence (HR 1.58, 95% CI 1.25-1.99) in the DNC (12) . Results based on the Nurses' Health Study I and II (40) and the Black Women's Health Study (41) also detected an association between night shift work and diabetes incidence.
We provided novel results of the strong increase in mortality from Alzheimer's and dementia among nurses working evening and rotating shifts. To our knowledge this is the first study to report such an association. However, our results are based on a limited number of cases (33 deaths in total), and further studies of this issue are clearly warranted. Studies have put forth plausible biological mechanisms suggesting that sleep disturbance results in substantial detrimental cognitive effects (26) . Unlike for all-cause mortality where no effect of rotating shifts was observed, we found the strongest associations for Alzheimer's and dementia among rotating shifts workers. This result may suggest relevance of other mechanisms, possibly stress-related for Alzheimer's and dementia than for all-cause mortality where circadian disruption may be more relevant. Furthermore, recent studies have shown an association between short sleep duration with greater β-amyloid (Aβ) burden, a biomarker of Alzheimer's progression (25) , and that better sleep consolidation substantially attenuated the negative effects of the apolipoprotein E ε4 allele, a common genetic risk factor for Alzheimer's (24) .
Strengths and limitations
A major strength of this study is the utilization of a nationwide prospective cohort of 18 015 female nurses, with detailed information on work schedules (night, evening, rotating, day), lifestyle, BMI, history of diseases, and reproductive factors at the time of cohort enrolment, and long follow-up for overall and cause-specific mortality in a national registry. In contrast to the commonly used shift work definition as a dichotomous exposure, typically comparing day to shift workers and combining evening, night and rotating shifts, in this study we were able to separate effect of night, evening and rotating shift in comparison to day shift work for the first time in a study of mortality. We excluded 10 716 (~37%) of the participants due to missing values. A majority of the participants (6721) were excluded because the question about work schedule was aimed at nurses working (74%) at the time of recruitment only. We found that the age-adjusted mortality was significantly higher among excluded nurses (HR 4.07, 95% CI 3.84-4.31) compared to included nurses, as expected since excluded nurses were on average 10 years older (mean age 60.0 years versus 50.2 years) at the time of recruitment. This is explained by the fact that a majority of excluded nurses were retired or on sick leave or disability retirement at the time of recruitment, and were therefore not included in the assessment of shift work. We found no major differences in lifestyle, BMI, or other characteristics between included and excluded nurses (supplemental material tables A and B, http://www.sjweh.fi/index.php?page=data-repository).
A major limitation of this study is the lack of data on intensity and duration of shift work in terms of the number of shifts per week or month, number of working hours per shift, and number of years working in shift work. The exposure was only assessed at baseline with no follow-up on changes in work schedule, potentially introducing exposure misclassification. However the nurses were followed from age 44 years when in general it is less likely for nurses to change work schedule than Jørgensen et al earlier in their careers. We also lacked information on duration of recovery periods and work schedules early in their career (from completion of professional training to cohort recruitment) and information on different types of rotating shift schedule, particularly whether or not rotating shifts involved night shifts. Another limitation is the small number of deaths for some of the examined outcomes (eg, diabetes and Alzheimer's and dementia), resulting in wide confidence intervals, and our findings need to be replicated in larger studies. Furthermore, the registration of underlying and contributory causes of death relies entirely on the physician responsible for completing the death certificate, without central validation, which together with increasing diagnostic facilities influence the accuracy and correctness of the register and changes in mortality rates over the years (29) .
Healthcare professionals are generally considered to be healthier than the general population, and a "healthy worker effect" might have biased our results. Nurses participating in this cohort have been found to be healthier than Danish women in general, as they smoked less and had higher levels of physical activity, but on average they consumed more alcohol (27, 42) . However, there were no major health differences between nurses and the rest of Danish female population in use of healthcare and disease occurrence (27, 42) .
In conclusion, we found evidence of an increased all-cause mortality risk among female nurses working in night or evening shifts, compared to those working in day shifts. We further found evidence of increased mortality due to CVD and diabetes, and Alzheimer's and dementia, while there was no evidence of an increased risk in mortality from psychiatric diseases and overall or cause specific cancer. Additional studies of mortality among shift workers are warranted.
